We have completely sequenced a defective interfering viral double-stranded RNA (dsRNA) from the Saccharomyces cerevisiae virus. This RNA (S14) is a simple internal deletion of its parental dsRNA, MI, of 1.9 kilobases. The 5' 964 bases of the MI plus strand encode the type 1 killer toxin of the yeast. S14 is 793 base pairs (bp) long, with 253 bp from the 5' region of its parental plus strand and 540 bp from the 3' region. All three defective interfering RNAs derived from M1 that have been characterized so far preserve a large 3' region, which includes five repeats of a rotationally symmetrical 11-bp consensus sequence. This 11-bp sequence is not present in the 5' 1 kilobase of the parental RNA or in any of the sequenced regions of unrelated yeast viral dsRNAs, but it is present in the 3' region of the plus strand of another yeast viral dsRNA, M2, that (15) and, in some cases, a second dsRNA (M) of about 1.9 kb that encodes a secreted killer toxin (2) that kills sensitive cells. Suppressive sensitive mutants of the yeast have L and smaller dsRNAs (S) of 0.6 to 1.6 kb that displace M in crosses. These are encapsidated in particles with the same capsid polypeptide (13, 16) and are derived from M by internal deletion, sometimes followed by tandem duplication (4, 6, 10, 16, 31) . All preserve the putative transcriptase and replicase recognition sites. There are thus two classes of S dsRNAs, those of 0.6 to 0.8 kb and those, related to this class by tandem duplication, of 1.2 to 1.6 kb. The S dsRNAs displace M by faster replication and are dependent on the same host gene products as M for their maintenance (24). The S dsRNAs have only a portion of the coding region of M and are thus defective in synthesis of toxin. In all respects, then, the S dsRNAs are analogous to defective interfering (DI) RNAs of animal viruses (11, 14, 17, 21, 22) .
The mycoviruses are double-stranded RNA (dsRNA) viruses with separately encapsidated segments without infectious cycles that persistently infect their host cells. The Saccharomyces cerevisiae viruses have one large (L) dsRNA species of about 4.8 kilobases (kb) that encodes the major capsid polypeptide (15) and, in some cases, a second dsRNA (M) of about 1.9 kb that encodes a secreted killer toxin (2) that kills sensitive cells. Suppressive sensitive mutants of the yeast have L and smaller dsRNAs (S) of 0.6 to 1.6 kb that displace M in crosses. These are encapsidated in particles with the same capsid polypeptide (13, 16) and are derived from M by internal deletion, sometimes followed by tandem duplication (4, 6, 10, 16, 31) . All preserve the putative transcriptase and replicase recognition sites. There are thus two classes of S dsRNAs, those of 0.6 to 0.8 kb and those, related to this class by tandem duplication, of 1.2 to 1.6 kb. The S dsRNAs displace M by faster replication and are dependent on the same host gene products as M for their maintenance (24) . The S dsRNAs have only a portion of the coding region of M and are thus defective in synthesis of toxin. In all respects, then, the S dsRNAs are analogous to defective interfering (DI) RNAs of animal viruses (11, 14, 17, 21, 22) .
There are three killer toxin specificities among S. cerevisiae virus subtypes. All S dsRNAs characterized so far are derived from the M of subtype 1, M1. Partial sequence analysis (31) and heteroduplex analysis (10) of one of these, S3, shows that 232 bases are from the 5' end of the M1 plus strand and the remainder (about 550 bases) is from the 3' end of the plus strand. We have cloned cDNA to another S dsRNA (S14) and, in combination with direct RNA sequence analysis, completed its sequence. This is the first yeast viral dsRNA completely sequenced. The breakpoints in S3 and S14 are 21 bp apart at the 5' end and 10 base pairs (bp) apart at the 3' end. A third S dsRNA (S733) can be compared with S3 and S14 by analysis of previous T1 fingerprint data (16 plus strand (a minimum of 44 bases) and a large portion (up to 550 bases) of the 3' end of the plus strand. A short (11 base) consensus sequence with twofold rotational symmetry is present five times in this 3' region. This sequence is not present in the 5' 1 kb of Ml (1, 27) or in any of the sequenced regions of L1 (7, 30; J. A. Bruenn, unpublished data). It may be involved in packaging of M and S, since these dsRNAs require numerous host gene products for their maintenance that are not required by L (34) . M2, the M encoding the type 2 killer toxin, is dependent on the same host gene products as Ml (32, 35) , and this sequence is found in the 3' portion of the M2 plus strand as well (12) . There are no large open reading frames in either strand of the 3' 550 bp of M1.
MATERIALS AND METHODS
Synthesis of viral plus strand. The synthesis of the plus strand by in vitro transcription by viral particles and the purification of the plus strand were as described previously (5 (28) . Yeast strains. S14 is the suppressive dsRNA present in strain L014 (from M. Vodkin [33] ). S3 or its tandem duplication S1 is the suppressive dsRNA present in strain T132BNK3 (from G. Fink [10, 29] ). S733 is the suppressive dsRNA present in strain K733 (from R. Wickner) (16) .
RESULTS
Heteroduplex analysis of S14. M1 and S14 form heteroduplexes with a large deletion loop, in which the doublestranded portion is the length of S14 (Fig. 1) . S14, like S3, thus appears to be a simple internal deletion of M1. S14 has about 230 bp from one end of M1 and about 530 bp from the other end of M1 (Fig. 2 ). Previous sequence analysis has shown that all the S dsRNAs examined (including S14) have the same 3' termini (at least 20 to 30 bases) as M1 (5) .
Analysis of cDNA clones. Two sets of cDNA clones were made. The substrate for the first-strand synthesis in the first set of experiments was denatured S14 dsRNA tailed in vitro with poly(A). Several hundred cDNA clones resulted from oligo(dT)-primed first-strand synthesis, followed by secondstrand synthesis, Si treatment, oligo (dC) tailing, and insertion into PstI-cut, oligo (dG)-tailed pBR322. Restriction analysis and screening with synthetic oligonucleotides indicated that, for unknown reasons, all of these clones were derived from the 3' region of the S14 plus strand. Of the cDNA clones, five were partially or completely sequenced by the technique of Sanger et al. after appropriate restriction fragments were subcloned in M13 mp9. One of these extended to the last base of the 3' end of the S14 plus strand. All the cDNA clones had the same sequence in overlapping regions, indicating that S14 does not have any detectable sequence heterogeneity in this region. A second set of cDNA clones was constructed for the 5' region of the S14 plus strand with a synthetic deoxyoligonucleotide of 17 bases complementary to the plus strand within the sequenced region to prime first-strand synthesis. This oligonucleotide was complementary to bases 376 to 392 of the plus strand. The substrate for cDNA synthesis was the in vitro transcript made by S. cerevisiae virus ScV-S14 particles. The full-sized first strand (estimated from sequencing A B TaqI fragments of the cDNA were directly cloned into AccI-cut M13 mp9. Sequencing of these cDNAs, along with direct RNA sequencing from the 3' end of the minus strand, enabled us to complete the sequence of S14 according to the scheme outlined in Fig. 3 . The resultant sequence is presented in Fig. 4 .
Major features of the sequence of S14. The breakpoint of S14 is at position 253 of M1, 21 bp 3' from the S3 breakpoint (Fig. 4) . Reinitiation occurred 540 bases from the 3' end of the M1 plus strand in S14 but 550 bases from the 3' end in S3, since S3 has an additional 10 bp (233 to 243 bp of S3) not present in S14 or in the 5' region of M1 (31) . In both cases, the conserved region of the M1 plus strand ends with a C residue and resumes at a C residue. The sequence data would predict heteroduplexes consisting of 540 bp from one end (measured length, 531 + 45) and 253 bp from the other (measured length, 228 ± 35). The 3' 540-bp region of S14 (and thus the homologous region of M1) has no significant open reading frames on either strand.
Reliability of the sequence. The region of S14 derived from the 5' terminal portion of the M1 plus strand differs only in one base from the M1 sequence. This is at position 115, in which S14 has a G and M1 (1, 27) and S3 (31) each have an A. This destroys the predicted PstI site, which is absent not only in the cloned cDNA from S14 but also in the cDNA prior to cloning (see above). The direct RNA sequence verifies this base difference. If this change were present in the M1 from which S14 is derived, it would not change the sequence of the preprotoxin (GCG and GCA each code for alanine). The sequence across the second Sau3A site at position 165 (used for cloning cDNA fragments) was verified by direct RNA sequencing (Fig. 3) . The sequence of bases 209 to 214 of the S14 cDNA is identical to the homologous region of M1 cDNA (1, 27) but differs from the reported S3 and M1 sequence (31) determined by direct RNA sequencing (Fig. 4) . All of the 5' region of S14 (1 to 253) has been completed on both strands.
All but the 3' terminal 31 bp of the 3' region of S14 has also been sequenced on both strands. This 3' terminal 31 bp has been sequenced by direct RNA sequencing (6; this work). About 40% of the predicted restriction sites have been checked, including all the 6-base sites. Our sequence from the 3' region differs from the partial sequence reported for S3 in several positions. Base 265 of S14 is missing in S3. There are no sequence data on M1 from this region. Bases 470 to 475 at the extreme end of the direct RNA sequencing run from the 3' end of the plus strand of S3 differ from those of the S14 cDNA. The RNA sequdnce would predict a restriction site for Sau3A which does not exist in the S14 cDNA and would fail to predict a site for AccI which does exist in the cDNA. This is probably not a real sequence difference between S3 and S14, because these changes would alter recognizably the pancreatic products of T1 oligonucleotides 9 and 16, both of which are present and identical in S14 and S3 (see Table 1 ). Base 491 is a C in the reported S3 RNA sequence rather than a G as in the S14 cDNA, a change which would obliterate oligonucleotide 17, which is present in both S14 and S3 ( sequence but a G in the S14 cDNA and the S3 RNA sequences, and bases 600 and 601 are the same in S14 and S3 but are reportedly different in M1. These may be errors in the M1 sequence, since S3 and S14 arose from different M1 dsRNAs but are identical in these positions. Finally, base 788 is an A in the S3 sequence but a C in the S14 sequence. This is a genuine strain difference, since this C has been confirmed in S14 by direct RNA sequencing. The published sequencing gel of this region is of the terminal S14 T1 oligonucleotide (6) , and present sequencing results on separated strands of S14 confirm this identification. We have found the same sequence in S2, which was derived from the same M1 as S14 (33) , and we have observed that some M1s do have an A in this position (V. Brennan and J. Bruenn, unpublished data). Confirmation of a portion of the sequence derived from the 3' end of the M1 plus strand was obtained by reverse transcriptase dideoxy sequencing on the S14 plus strand (Fig. 3 ). There were no differences between the RNA sequence obtained in this way and the sequence of the cloned cDNAs.
Confirmation of plus strand. We confirmed the identification of the S14 plus strand deduced from that of M1 by hybridization of labeled in vitro transcript (plus strand) to M13 subclones of regions of the cDNA from the 3'-terminal portion of the putative S14 plus strand. As expected, the transcript hybridized only to the minus-strand cDNA (Fig.  5 ). This experiment has been repeated with a TaqI fragment from bases 349 to 668 in both orientations in the AccI site of M13 mp9 with the same results (19) .
Comparison with other S dsRNAs. We can assign the previously reported large T1 oligonucleotides of Kane et al. (16) a  FIG. 4 . Sequence of S14. The sequence shown is that of the cDNA, since most of the sequence was performed on cDNA rather than on RNA. This is the plus strand. The plus strand of the RNA begins with a pppG and terminates with an AOH. The region of the sequence from the 5' end of the M1 plus strand is in boldface. The boxed sequences are the five repeats of a rotationally symmetrical consensus sequence (see text). Differences among the S14, Ml, and S3 sequences are indicated by lowercase letters (mismatches) and asterisks (deletions). The 5' Ml sequence was determined from the cDNA (1, 27) , and the S3 and 3' Ml sequences were determined by direct RNA sequencing (31) .
The regions of S14 that have been sequenced in Ml are bases 1 to 253 and 503 to 793. The regions in S14 that have been sequenced in S3 are 1 to 232, 253 to 327, and 468 to 793. VOL. 58, 1986 bp smaller than S14). Remarkably, although these three DI RNAs preserve only a small region of the 5' end of the M1 plus strand, they retain a very large region from the 3' end of the M1 plus strand: 540 bases in S14, 550 bases in S3, and at least 333 bases in S733. This region has no extensive open reading frames in either the plus strand or the minus strand. Its preservation in every DI RNA suggests that it is important for maintenance of Ml-derived dsRNAs. A survey of this sequence for repeats and inverted repeats found eight repeats of an 11-base consensus sequence, (U/C)GCG AUUCGC(A/G). Five of these, showing at least four of five possible identities in a rotational transformation in the dsRNA, are boxed in the S14 cDNA sequence (Fig. 4) . DISCUSSION S14 is the first dsRNA from a yeast virus entirely sequenced. The sequence heterogeneity previously observed (6) in T1 oligonucleotides from the 3' end of M1 and S plus strands is not reflected in the cDNA clones from this region nor is it manifest in the direct RNA sequence on separated strands of S14. We believe that this apparent heterogeneity was the result of incomplete T1 digestion. In contrast, our cDNA cloning has shown that the 3' end heterogeneity of L (6) is due to the presence of at least two dsRNA species of the same size (9) .
There are no obvious sequence similarities at the deletion endpoints of S3 and S14 except for the terminal C and (3, 5, 6) . Since both transcriptase and replicase are conservative (19, 20, 26) , it seems more likely that the transcriptase is responsible for generation of DI RNAs. If the replicase were responsible, the resultant dsRNA would have a very large unpaired singlestranded region (as in the heteroduplex of Fig. 1 ) which might interfere with its packaging. The deleted region of M1 is similar in all cases and includes the AU-rich bubble of about 200 bp (10) . The 3' conserved region begins very close to the end of the bubble: the 200-bp AU-rich region begins 1.1 kb from the 5' end of the plus strand (27) , while 550 bp from the 3' end is not enough to reach this region and M1 is only 1.8 to 1.9 kb in length. Since the 3' conserved region does not have any significant open reading frames (on either strand) yet is highly conserved, it may contain sequences recognized by proteins whose functions are essential for viral propagation.
Only a small portion (44 to 82 bp) of the 5' region is common to all the DI dsRNAs, while a very large region from the 3' end is common. This 3' region includes five repeats of a rotationally symmetrical consensus sequence, (U/C)GCGAUUCGC(A/G), which is not present in the 5' region of M1 (1, 27) or in any of the sequenced regions of L1 (7, 30 ; J. Bruenn, unpublished data). This suggests that this (34) . The M dsRNA of S. cerevisiae virus subtype 2 (M2) is also dependent on these same gene products (32, 35) , so we might expect M2 to have repeats of this same sequence in the 3' region of its plus strand. Table 2 shows that this sequence is present twice in the 209 bases from the 3' region of the M2 plus strand that have been determined (12) and summarizes the fidelity with which the consensus sequence appears in each repeat.
